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Abstract 
The purpose of this work was to compare the effects of promoter geometry on flow pattern. Flow fluid characteristic was 
numerically simulated, and the effect of turbulence promoter geometry on flow pattern was evaluated. The principle of field 
synergy was used to analyze the mechanism of enhancing permeation behavior. The result showed the strength of flow instability 
was greater promoted by square bar turbulence promoter than by cylinder turbulence promoter. The reduction of the intersection 
angle between velocity vector and applied pressure could enhance flow instability, and the effects of the geometries on the flow 
pattern could be well described by the field synergy principle. It could be concluded that the strength of instabilities was determined 
not only by velocity but also by the synergy degree between velocity vector and applied pressure. The smaller was the intersection 
angle, the greater was the permeation velocity. The application of field synergy principle might improve membrane process and 
obtain excellent mass transfer result. 
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1. Introduction 
Ultrafiltration (UF) was a membrane separation process driven by pressure [1,2]. and it had numerous industrial 
applications in the purification and separation, such as chemical processing, wastewater handling, drug delivery 
medium et al, because of its high efficiency and low energy consume. Nevertheless, the process of ultrafiltration 
suffered from the membrane fouling. The membrane fouling was resulted by a continuous solute accumulation on the 
membrane surface and membrane pore clogging due to their rejection by membrane, which was concentration 
polarization and membrane fouling phenomenon [3-11].The fouling and concentration polarization led to an increase 
of the osmotic pressure at the membrane and the decline of the permeate flow through the membrane and thus shorten 
the UF operation life [11]. This drawback was important for the performance of the ultrafiltration system,which 
increased the maintenance cost and membrane replacement cost and prevented a more widespread commercial 
applicability. Considerable efforts had been made to prevent or at least reduce the extent of build-up of these 
additional resistances during operation, one of the methods was to change the hydrodynamics of the system, and thus 
disturb the onset of the mass transfer boundary layer near the membrane wall [12]. Numerous techniques of promoting 
flow instabilities into the flow had been used to achieve this goal [13-21], but there was no unified principle to 
evaluate and guide the performance and effect of these techniques. 
Guo et al. proposed the field synergy concept to enhance convective heat transfer, which stated that the overall heat 
transfer rate depended not only on the velocity and the temperature gradient field, but also on their synergy, the 
reduction of the intersection angle between the velocity and temperature gradient could effectively enhance the heat 
transfer in parabolic flow [22,23]. This principle had been validated numerically and experimentally and deduced 
elliptic flow [24-27]. The field synergy principle provided a theoretical basis for optimizing the heat transfer 
procedure. 
Ultrafiltration process was a physical separation process [14]. The directions of velocity vectors were very 
important. If the velocity directions of all flow were perpendicular to trans-membrane pressure, it could be concluded 
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that no permeate flow would be very poor. Conversely, if the flow direction were parallel with applied pressure, the 
permeate flow would be better than that of perpendicular to trans-membrane pressure. If the membrane module was 
improved according to the above thinking, the excellent membrane flux would be obtained. In addition, application of 
field synergy principle might improve some membrane apparatuses and obtained excellent results. 
Use of the turbulence promoters was one technique to promote flow instabilities, and it had shown the effect on 
reducing fouling and concentration polarization and improving flux in ultrafiltration process[2,12,14,21]. The purpose 
of this work was to compare the effects of various promoter geometries on flow pattern. Numerical simulation was 
conducted with FLUENT 6.1, the flow pattern in the ultrafiltration process with and without the different geometries 
of turbulence promoter was presented. The intersection angle between the velocity and applied pressure was 
determined. The effects of the different geometries of turbulence promoterwere compared based on field synergy 
principle. In the numerical simulation process, membranepermeability was considered. The result might consequently 
guide the enhancement of ultrafiltration process.  
Nomenclature 
C   internal resistance factor 
g   gravity acceleration 
p   pressure, Pa 
pp   atmospheric pressure 
pout  outlet pressure, Pa 
Rm   membrane resistance (mí1) 
Si    The momentum source item of i direction (xǃy and z), kg·m-2·s-2 
u, v  velocity component in x, y direction, m/s 
ui    the velocity of i direciton (xǃy and z), m·s-1 
uin    inlet velocity, m·s-1 
x    abscissa  
y    ordinate  
Greek symbols 
ǻnx  the thickness of membrane in x direction, m 
ǻny  the thickness of membrane in y direction, m 
ǻnz  the thickness of membrane in z direction, m 
xp'  pressure drop in x direction, Pa 
yp'  pressure drop in y direction, Pa 
zp'  pressure drop in z direction, Pa 
P   dynamic viscosity (Pa s) 
D   membrane permeability, m2 
U   density (kg/m3) 
2. Model description 
2.1.Physical model 
The schematic diagram of membrane module without turbulence promoter was shown in Fig.1 (a). We modeled 
the test cell by Magueijo and co-workers [2]. The thickness of the membrane was 0.1mm. The dimensions of the 
module were 100mm long, 15mm wide and 1.2mm height. The thickness of membrane was 0.1mm. In this work, a set 
of runs were performed with de-ionized (DI) water as the feed flow, the membrane hydraulic permeability was 
determined [2]. Fig.1 (b) and Fig.1 (c) were the schematic diagrams of membrane module with cylinder turbulence 
promoters and square bar turbulence promoters. The promoters were designed with the same size and number in the 
flow path, and the diameter of cylinder was equal to the length of square bar filament , the diameter of the cylinder 
were 0.6mm,BOEUIF MFOHUIPGUIFTRVBSFCBSGJMBNFOUTXBTNNhNNThe numerical simulation for 
flow in the channel with turbulence promoterswas defined as an unsteady flow, and the flow in the channel without 
turbulence promoterwas defined as steady flow. The used fluid was water at a temperature of 293 K.  
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(a) Model scheme of the two-dimensional flow channel used for simulations. 
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(b) Model scheme of the two-dimensional flow channel with cylinder turbulence promoter used for simulations. 
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(c) Model scheme of the two-dimensional flow channel with square bar turbulence promoter used for simulations. 
Figure 1ˊModel scheme of the flow channel used for simulations 
2.2.Governing equations 
The flow system was governed by equations conserving continuity equation and momentum equation. The flow in 
the channel and in the membrane pores were governed by the same continuity equation, but the momentum equation 
was different. The membrane was seemed as a porous medium, and the additional momentum loss should exist in 
momentum equation since membrane permeation was considered. The momentum source item was included in the 
momentum equation. The source item consisted of viscosity loss item and internal loss item.  
The continuity equation of the flow system in the channel and the membrane pore was given below in (1): 
Continuity equation: 
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The momentum equations of flow system in the channel were given below in (2) and (3) 
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The momentum equations in the membrane pore were given below in (4)and (5): 
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The membrane was assumed to be simple and isotropic medium, the model was given below:  
)
2
1( 2 iii uuCuS UD
P                                                                   (6) 
In the porous medium domain, the viscosity coefficient and internal resistance factor in every direction should be 
determined. In the laminar flow, the pressure drop was direct proportional to velocity, the internal resistance might be 
omitted, and the porous medium model was simplified to Darcy principle, as showed in (7):  
iup D
P                                                                              (7) 
The pressure drop in x,y and z direction respectively was: 
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The membrane was assumed to be isotropy, so the pressure drop was only considered y direction:  
yn' ' vpy D
P
                                                                        (11) 
Because pressure drop could be obtained by the equation: 
vRp mP '                                                                            (12) 
According to (11) and (12), the 1/Į could be determined.  
2.3.Boundary conditions  
In order to simplify the generation of grid and the calculation, simplification was made for the numerical 
simulation. The fluid was assumed to be incompressible and two-dimensional flow, the flow was laminar. The velocity 
was assumed to be fully developed and parabolic at the inlet. All derivatives in the flow direction were set to zero at 
the outlet. The membrane surface was considered to be a constant temperature surface, which was assumed to be 
isothermal and to have constant fluid properties.  
Inlet boundary condition: inuu  ˈ 0 v  
Outlet boundary condition: outpp   
On the permeation wall: ppp   
On the wall without permeation, the wall was not slip: 0,0   vu 
3.Simulation results and discussions  
The effects of the turbulence promoter on flow pattern were analyzed. The major results were presented in the 
following section. 
3.1.The effect of turbulence promoter on velocity field 
Fig. 2 showed the flow profile at a section of the flow channel without turbulence promoter. The inlet velocity was 
0.46m/s, and the pressure at outlet was 2MPa. It could be seen that the flow was steady, and no recirculation region 
was formed, streamline in the channel was parallel with membrane surface. Fig. 3 indicated that the numerical 
simulation data and experimental data showed the excellent agreement, which was published by Magueijo [2]. 
The orthogonal design result indicated that 8 cylinders was the optimum number for this channel. For comparing 
the two types of turbulence promoters, the number of square bar was the same with the number of cylinder, and the 
turbulence promoters were arranged at the same spacing internal.5he pressure at outlet was 2MPa.  
'JHTIPXFEUIFWFMPDJUZGJFMEJOUIFDIBOOFMXJUIUXPUZQFTPGQSPNPUFST-PDBMJ[FEUVSCVMFODFXBT
DSFBUFEEVFUPUIFPCTUSVDUJPOPGUIFQSPNPUFSTJOUIFGMPXQBUISince a turbulence promoter was an obstacle 
to flow through the channel, the pressure loss along the channel was increased, and the velocity was also changed, and 
velocity oscillations occurred in the flow field. 5IF GMVJE GMPXFE VQ BOE CFMPX UIF DZMJOEFS BOE GPSNFE
TZNNFUSJDBM WFMPDJUZ GJFME BT TIPXO JO GJHVSF 	B
 5IF NBYJNBM WFMPDJUZ WBMVF XBT  m·s-1, which 
PDDVSSFE VQ BOE CFMPX UIF DZMJOEFS 'JH 	C
 TIPXFE UIF WFMPDJUZ GJFME JO UIF DIBOOFM XJUI TRVBSF CBS
QSPNPUFS5IFNBYJNBMWFMPDJUZWBMVFXBTm·s-1, the velocity profile VQBOECFMPXUIF square bar was not 
TZNNFUSJDBM. The average velocity at membrane surface with cylinder and square bar was respectively 0.057 m·s-1 
and 0.077 m·s-1. By comparing 'JH 4(a) and (b) it could be found that the regions of unsteady flow and high velocity 
promoted by square bar promoter were larger than that promoted by cylinder promoter. The purpose of adding 
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turbulence promoters were to promote flow instabilities, which could decrease the VOEFTJSBCMFfouling and enhance 
mass transfer. Both types of turbulence promoters could generate unsteady flow, and the square bar turbulence 
promoter was NPSFFGGFDUJWF UIBODZMJOEFS turbulence QSPNPUFS GSPNGMPXQBUUFSO *U DPVMECF DPODMVEFE
UIBU UIF square bar turbulence promoter could obtain the better contaminant removal effectiveness than cylinder 
promoter. 
 
 
Figure 2. The streamline in the flow channel without turbulence promoter 
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Figure 3. Comparison of data from simulation and experiment for variable permeation flux 
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(a) The velocity field near cylinder promoter, u=0.20 m·s-1, cylinder number was 8,Pout=2MPa 
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(b) The velocity field near square bar promoter, u=0.20 m·s-1, cylinder number was 8,Pout=2MPa 
Figure 4 The velocity field of the channel with two types of turbulence promoters 
3.2.The analysis of field synergy  
Based on local permeation behavior, the phenomenon of synergy between fluid velocity vector and applied 
pressure could be discussed. According to the field synergy principle, the intersection angle between velocity vector 
and applied pressure was an important factor for the ultrafiltration process, which affected the mass transfer effect. 
The field synergy degree was relatively poor when the velocity vectors and the pressure direction were nearly 
perpendicular to each other. With the decrease of the angle between velocity vectors and the pressure direction, the 
field synergy degree increased. The smaller intersection led to the larger velocity component in the vertical direction.  
The fluid in the channel without turbulence promoter was steady flow, as shown in 'JH 2. The intersection 
between velocity vectors and the pressure direction was perpendicular. The field synergy degree was poor. 'JH 5 
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showed the velocity angle field in the channel with two types of turbulence promoters. As shown in 'JH 5(a), the 
symmetrical velocity angle field was obtained in the upstream of the cylinder, the maximal angle between velocity and 
horizontal direction was respectively 35.2q and -35.6q. It could be concluded that the maximal angle between velocity 
and applied pressure was 54.8q and 54.4q. Comparing with the fluid in the channel with cylinder promoter, the square 
bar led to more change on velocity direction, and the maximal intersection angle in the front of square bar was 
respectively 31.3 qand -35.0q. *U XBT BQQBSFOU UIBU UIF TRVBSF CBS QSPNPUFS JODSFBTFE UIF WFMPDJUZ PG
WFSUJDBMEJSFDUJPOJOUIFDIBOOFMBTTIPXOJO'JHIn the upstream of the cylinder and square bar, 5he maximal 
y velocity components towards membrane respectively was 0.87×10-3 m·s-1 and 1.88×10-3 m·s-1, the y velocity 
component towards membrane was actually the permeation velocity at the same position. In the downstream the 
cylinder and square bar, the maximal y velocity components against membrane bar respectively 1.32×10-3 m·s-1 and 
1.25×10-3 m·s-1, In the downstream of the cylinder, the fluid recovered to a steady flow soon, and y direction velocity 
was not influenced. In the downstream of the square bar, the fluid continued to keep an unsteady flow, y direction 
velocity was still influenced, this phenomenon not only improved field synergy degree but also reduced membrane 
fouling. It could be concluded that the turbulence promoter improved the field synergy degree, and effect of the square 
bar promoter was better than the cylinder promoter on improving field synergy degree. 

(a) The velocity angle field near cylinder promoter, u=0.20 m·s-1, cylinder number was 8,Pout=2MPa 

(b) The velocity angle field near square bar promoter, u=0.20 m·s-1, cylinder number was 8,Pout=2MPa 
Figure 5 The velocity field of the channel with two types of promoters 
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(a) The y velocity components near cylinder promoter, u=0.20m/s, cylinder number was 8,Pout=2MPa 
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(b) The y velocity components near square bar promoter, u=0.20m/s, cylinder number was 8,Pout=2MPa 
Figure 6ˊVelocity (y-component) contour in the feed channel near the promoter 
4.Conclusion 
The numerical simulation showed the flow pattern in the channel with and without turbulence promoter in detail. It 
was found that the promoter increased the flow instability, the recirculation occurred since the turbulence promoter 
existed. The size and length of the recirculation promoted by square bar promoter was more than the recirculation 
promoted by cylinder promoter. At the same inlet velocity, the average velocity at membrane surface was lower with 
cylinder promoter than with square bar as promoter, the intersection angle between velocity vector and applied 
pressure was greater generated by cylinder promoter than by square bar promoter. The expressions derived from the 
point of field synergy facilitate the mechanism analysis of enhancing the flow instabilities. Two factors should be 
considered as an enhancing permeation effect when choosing and designing membrane module. Firstly, the better flow 
pattern of enhancing mass transfer was determined, then the corresponding technique was chosen or designed, field 
synergy principle could provide a guide to generate the optimal flow pattern.  
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